In order to understand the drive-in target in a D-D type neutron generator, it is essential to study the mechanism of the interaction between hydrogen ion beams and the hydrogenabsorbingmetal film. The present research concerns the nucleation of hydride within zirconium film implanted with hydrogen ions. Doses of 30 keV hydrogen ions ranging from 4.30×10 17 to 1.43×10 18 ions cm −2 were loaded into the zirconium film through the ion beam implantation technique. Features of the surface morphology and transformation of phase structures were investigated with scanning electron microscopy, atomic force microscopy and x-ray diffraction. Confirmation of the formation of δ phase zirconium hydride in the implanted samples was first made by x-ray diffraction, and the different stages in the gradual nucleation and growth of zirconium hydride were then observed by atomic force microscope and scanning electron microscopy.
Introduction
Zirconium and its corresponding film have superior physical and chemical properties under a radiation environment when used in nuclear technology [1] [2] [3] . A D-D neutron generator, using the drive-in titanium or zirconium target technique, continuously loads the pure titanium or zirconium target with the incident deuterons [4] , unlike a D-T neutron generator which uses a prepared tritium hydride target. Therefore, compared with the usual hydrogen loading techniques [5, 6] , hydrogenation in a D-D neutron generator is achieved by accelerating D + to a desired energy and then implanting it into the desired region, making a highly inhomogeneous local distribution of hydrogen isotopes. Although a series of studies to understand the mechanisms of zirconium hydrogenation have been conducted with ordinary hydrogen loading techniques, such as electrochemical charging and thermal absorption [7, 8] , reports concerning hydrogenation of zirconium by ion implantation are rare. Therefore, it is important to investigate this kind of hydrogenation to understand the mechanisms of the interaction between the beam and target in a drive-in D-D neutron generator. For simplicity, in this paper, to avoid procedures involving a neutron shield, we substitute H + for D + as the incident ions to study the impact of implanted hydrogen on a zirconium film. The hydrogenrelated phase transformation was studied by x-ray diffraction (XRD), and the surface topography was observed by atomic force microscopy (AFM) and scanning electron microscopy (SEM).
Experimental procedures
For a good adhesion of zirconium to the substrate, a Mo substrate, 7 mm in diameter and 1 mm thick, was first polished and then etched with Ar + ions in the plasma system of the anode layer source (ALS) device with several rotary and static plates. Subsequently, a 5 μm thickzirconium film was deposited onto the plasma-etched Mo substrate using middle-frequency magnetic sputtering (MS) technology. A detailed description of the experimental setups can be found in our previously published research [9] . The Mo substrate was put in a vacuum chamber with a basic pressure of 5.0×10 −4 Pa for ion erosion and subsequent middle-frequency magnetic sputtering (MS). During ALS plasma treatment, argon (99.999%purity) gas was selected as the source gas. The anode voltage of the ion source was set at 500 V. The ALS and MS powers were 500 W and 10 kW, respectively. Plasma treatment of the Mo substrates was conducted under the stationary mode, while MS was conducted in the rotary mode.
The surface morphologies of the Ar + eroded substrate and the final as-prepared zirconium film are displayed in figure 1 , in which the piled up zirconium crystalline particles deposited by magnetic sputtering have a size of ∼200 nm. 18 ions cm −2 , respectively. After implantation, the related changes in surface topography, texture and the phase were investigated by high-resolution SEM, AFM and XRD.
Experimental results

Analysis of phase transformations
From the XRD patterns in figure 2 , it can be judged where the changes in crystal structure are observed for the implanted samples. In the original pattern, diffraction peaks of the zirconium and molybdenum substrate can be clearly identified and hardly any other interfering impurities can be noticed. However, besides the peak (100) of zirconium at 32°, a slight diffraction peak identified as δ phase zirconium hydride is found at 33°. The diffraction peak of the δ phase appears to be the most pronounced in the high-dose implanted sample 5 # , suggesting the highest fraction of δ phase zirconium hydride formed in this implanted film. Although doses of H + ions actually increase in the series of samples from 1
, it is still hard to see other hydride peaks appear, suggesting that a dosagethreshold must be achieved to observe further changes of pattern. . However, compared with the original surface, several unknown darkened dots of different sizes appear on the implanted surfaces, especially noticeable in figure 3(d) . It is especially interesting to know how these appear. Within the scope of the ×500 magnifications shown in figures 4(a)-(d), the original surface is rather smooth but several dark precipitants are seen indistinctly on sample 2 # where dark precipitants are highly inhomogeneous. However, the precipitants gradually grow larger and become more densely populated in sample 3 # . Upon closer inspection, it could be observed that the already existing precipitants continually grow while large numbers of small new precipitants have mushroomed in the previously blank areas. Still, the sizes of the precipitants continually multiply in sample 4
Analysis of surface morphologies
# where a more obvious image of precipitants of various shapes can be seen. Both the size and population of precipitants multiplies in sample 5 # , and some precipitants even growing to a size of 50-100 μm.
AFM graphs of the samples in phase mode are displayed in figure 5 , where edges and boundaries of the grains deposited by MS can be well recognized in figures 5(a) and (e). However, with the increase in implantation dose, a phenomenon of a gradually blurred crystalline grain can be observed in figures 5(a)-(d) , in which the grain seems to grow larger and original distinctive edges gradually disappear. Under an even higher magnification, a more obvious trend of blurred crystalline grains can be confirmed in figures 5(e)-(h). However, besides the gradually diminished boundaries of grains, a more interesting phenomenon predicting the change of surface components can be deduced in figure 5(h) , from which it could be judged that a new structure has gradually formed within the grains. A previous study of the formation of zirconium hydrides has observed similar precipitants on the hydrogenated surfaces [10] , allowing us to confirm the formation of zirconium hydride in the current experiment. From 
the results of SEM, AFM and a series of XRD, it is easy to deduce that the dark precipitants represent the formation of zirconium hydride, and it could be summarized that the growth of the precipitants behaves like the nucleation and growth of a crystalline grain.
Discussion
Zirconium and other transition metal are exothermic absorbers of hydrogen that form solid solutions or hydrides of varying composition depending on temperature and hydrogen concentration [11] : ZrH 0.5 -ζ, ZrH-γ, ZrH 1.5-17 -δ and ZrH 2 -ε. Normally, at the beginning, the hydrogen atoms reside in the zirconium lattice as mobile atoms, usually regarded as interstitials, and they can gradually lead to lattice distortion and an increase in cell volume. At this stage, the zirconium crystal structure is still regarded as α phase. However, an intermetallic compound of ZrH x , in contrast to the hydrogen interstitials, starts to evolve when hydrogenation continues. On the one hand, the diffusion mechanism of hydrogen atoms in zirconium is accepted as an interstitial diffusion mechanism [12] . On the other hand, evaluated with TRIM, for an energy of 30 keV a large number of defects are produced by implantation within 300 nm of the surface, which modifies the crystal structure along ion tracks. This large concentration of near-surface vacancies can sufficiently facilitate the diffusion of H atoms towards the surface and crystalline boundaries, and the defects and dislocations can also trap the hydrogen [13, 14] . During implantation, most implanted H + ions slow down around the average projected range, and they then begin to diffuse with the aid of a temperature or concentration gradient. Consequently, they tend to diffuse to an area with low hydrogen concentration, such as the surface, crystalline boundaries and all kinds of defects. Consequently, the intermetallic compound of ZrH x probably starts to form in these hydrogen-stabilized defects with a high concentration of H atoms. Once hydrogenation starts around the trapped sites, hydrides grow by trapping more interstitial hydrogen atoms in the surrounding region, and they gradually grow larger and larger, paving the way for the nucleation of zirconium hydrides finally observed by SEM. The different stages during the hydrogenation process are well proven by the precipitants of different sizes observed by SEM and the phase images from AFM, revealing a typical inhomogeneous distribution of hydrides. Finally, the hydrogen-implanted layer is actually a mixture of ZrH x and pure Zr, which is confirmed by the change of the diffraction peaks in the XRD patterns.
Conclusion
Implantation of a large number of H + ions into a zirconium film is usually associated with defects, and then H atoms tend to be captured by these structures. The continuous accumulation of local concentrations of H atoms creates the probability for the formation of zirconium hydrides, which paves the way for nucleation of these zirconium hydrides. The formed hydrides gradually grow large by trapping more activated H atoms, and their different growth stages are recognized by a series of SEM images.
